Migration, proliferation and invasive growth of myofibroblasts are key cellular events during formation of granulation tissue in situations of wound healing, arteriosclerosis and tumor growth. To study the invasive phenotype of myofibroblasts, we established an assay where arterial tissue from chicken embryos was embedded in fibrin gels and stimulated with growth factors. Addition of serum, PDGF-BB and FGF-2, but not VEGF-A, resulted in an outgrowth of cellular sprouts with a pattern that was similar to the organization of cells invading a provisional matrix in an in vivo model of wound healing using the chicken chorioallantoic membrane. Sprouting cells were defined as myofibroblasts based on being a-smooth muscle actin-positive but desmin-negative. There was no contribution of endothelial cells in outgrowing sprouts. The acquired myofibroblastic phenotype was stable since sprout-derived cells resumed sprouting in a growth factorindependent manner when re-embedded as spheroids in a fibrin matrix. Invasive growth and sprouting of vascular smooth muscle cells was not limited to chicken cells since a similar response was seen when spheroids composed of purified primary human aortic smooth muscle cells were embedded in fibrin. Finally, a technique for flat visualization of the three-dimensional sprouting and a quantification method is described. This ex vivo model allows quantitative analysis of invasive growth and differentiation of vascular smooth muscle cells and fibroblasts into myofibroblasts.
Myofibroblasts are important components during the repair of injured tissue and appear in the wound when the initial inflammatory reaction has ceased. They invade the fibrin cloth, deposit new interstitial matrix and form interconnecting contractile units responsible for wound closure. 1 In most organs, tissue injury activates local fibrocytes that in the presence of macrophage-derived growth factors differentiate into contractile myofibroblasts, which are characterized by expression of a-smooth muscle actin (aSMA) in their mature state and a spindle-like cell shape. 2, 3 When injuries occur at locations where fibrocytes do not reside, like in the arterial wall or in the cornea, myofibroblasts are recruited from adjacent vascular smooth muscle cells (VSMCs) 4 or keratocytes, 5 respectively. Myofibroblasts are also found in pathological conditions characterized by fibrosis 3 and arteriosclerosis 6 and during tumor invasion and growth. 7 Since aSMA-positive contractile cells are associated with both physiological and pathological tissue remodeling, they represent potential targets for therapeutic interventions.
In vitro studies of myofibroblast functions have been primarily focused on their contractile phenotype. 2 The present report describes an ex vivo assay that allows analysis of the organized invasive growth of myofibroblasts from aortic explants, which is a tissue rich in fibrocytes and VSMCs. From a practical point of view, the use of chicken embryos avoids ethical issues associated with experiments on mammals. In addition, the incubation of fertilized eggs can be performed in any laboratory using standard cell culture equipment.
Materials and methods

Induced Formation of Granulation Tissue on the Chicken Chorioallantoic Membrane
The assay was performed as described 8 with minor modifications. Briefly, a window in the shell of a white Leghorn egg was cut on day 0 of embryo incubation and eggs were incubated in a humidified atmosphere at 381C. A provisional matrix consisting of 10 mg/ml fibrinogen, 3 mg/ml rat tail collagen I, 2 IU/ml thrombin, 100 mg/ml streptomycin, 100 IU/ ml penicillin, 250 ng/ml amphotericin B, 4 mg/ml FGF-2, and 10 000 IU/ml aprotinin (pH 7.5) was prepared and 100 ml of the solution applied into a 0.5-cm-high plastic tube glued on a 1.5 Â 1.5 cm piece of a nylon mesh (mesh size of 28 mm). The gel was allowed to polymerize overnight at 371C in a humidified atmosphere. The plastic tube was removed, leaving the fibrin/collagen gel on the nylon mesh and the construct was then placed on the chicken chorioallantoic membrane (CAM) at day 13 of embryo development and eggs were incubated for another 6 days. The entire eggs were then fixed in Zn-fixative 9 and the constructs cut out from the CAM. Gels were then removed from the nylon mesh, postfixed in Zn-fixative and processed for immunohistochemistry.
Visualization of Vascular Networks
The method used is based on an article published by Paschold. 10 Fertilized white Leghorn eggs were incubated in a humidified atmosphere at 381C for 15 days. An embryonic chorioallantoic vessel was injected with 0.5 ml of India ink through an opening in the eggshell and various organs were then isolated by dissection. The organs were dehydrated in a series of graded ethanol and made transparent by clarification in benzyl benzoate/benzyl alcohol (BBBA).
Embedding of Arterial Tissue in Fibrin Gels
Explants of chicken aorta were embedded in fibrin gels essentially as described. 11 Chicken embryos, 15 days old, were killed and their hearts with the five main arteries removed (Figure 2e ). The arteries were cleaned of connective tissue and the tunica adventitia by dissection. Residual blood was removed by cutting vessels longitudinally and washing for 2 h in ice-cold PBS. Fibrin gels were prepolymerized in wells of a 24-well plate by mixing thrombin (0.8 U/ ml final concentration) with 0.4 ml of an ice-cold fibrinogen solution (2.5 mg/ml fibrinogen, 100 mg/ml streptomycin, 100 U/ml penicillin, 250 ng/ml amphotericin B, 25 mM HEPES pH 7.0, 200 U/ml aprotinin) in Ham's F12 medium. Polymerization continued for 1 h at 371C and plates were then chilled on ice. Approximately 3-mm-long aortic tissue pieces were placed in ice-cold fibrinogen solution and 0.5 ml of this solution containing one aortic piece transferred into one of the wells with a prepolymerized fibrin gel. The thrombin in the prepolymerized gel diffused into the top fibrinogen layer and induced fibrin polymerization during 3 h of incubation at 371C. A volume of 1 ml of Ham's F12 medium supplemented with 0.25% BSA, 100 mg/ml streptomycin, 100 IU/ml penicillin and 250 ng/ml amphotericin B was applied on top of the polymerized second gel layer and the medium was changed every 2 days. Where indicated, the medium was supplemented with one of the following growth factors: 20 ng/ml FGF-2, 20 ng/ml PDGF-BB or 200 ng/ml VEGF-A. In experiments where cells were isolated from sprouts, we first stimulated aortic explants with FGF-2 for 7 days and then removed the tissue explants with forceps. The remaining gels with sprouts were trypsinized and cells isolated and cultured on gelatin-coated dishes in Ham's F12 media with 10% FCS. Confluent cell cultures were harvested and either plated on glass slides for immunocytochemistry (a), mixed with methylcellulose to form spheroid bodies (b) or cultured on gelatin-coated plates for immunoblotting (c). (b) Sprouting from spheroids in fibrin gels The assay is based on a method described by Korff and Augustin 12 for studies of endothelial cell sprouting from spheroids. Cells derived from sprouts growing from chicken aorta (see above) or primary human aortic smooth muscle cells (Clonetics, Cat.# CC-2571, isolated from a 62-year-old female) were used. Trypsinized cells were suspended in Ham's F12 medium containing 20% FBS and 0.2% methylcellulose. Droplets (1000 cells in 20 ml) were placed on the internal part of a lid to a bacterial dish. A volume of 5 ml of sterile PBS was poured into the dish and the dish was then covered with the lid carrying approximately 80 hanging drops. Spheroids, which were formed after 2 days of incubation at 371C, were harvested in FBS-free Ham's F12 medium and resuspended in a fibrinogen solution prepared as described above. The fibrinogen solution (0.5 ml; approximately 10 spheroids) was then poured on prepolymerized fibrin gels in a 24-well plate. After polymerization of this second layer, 1 ml of Ham's F12 medium containing 0.2% BSA was added and explant cultures photographed after 7 days of incubation with or without 10 ng/ml FGF-2 or 10% serum as indicated.
(c) Immunoblotting Cells were placed on ice, washed with cold PBS and lysed with ice-cold lysis buffer (50 mM Tris pH 7.0, 1% Triton X-100, 0.5% Nonident P-40, 150 mM NaCl, 15% glycerol, 0.1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM EGTA, 2 mM phenylmethylsulfonylfluoride, 200 IU/ml aprotinin, 10 mg/ml leupeptin). Total cell lysates were transferred to microcentrifuge tubes containing SDS-PAGE sample buffer (350 mM Tris, pH 6.8, 10% SDS, 25% b-mercaptoethanol, 10 mg/ ml bromophenol blue). Samples were boiled for 7 min at 991C and proteins resolved by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blocked for 1 h with 5% BSA in Trisbuffered saline containing 0.1% Tween 20 and probed with the mouse anti-aSMA antibody (1:3000 dilutions) overnight at 41C. Protein bands were visualized using a horseradish peroxidaseconjugated rabbit anti-mouse IgG antibody in combination with a commercial ECL kit (Amersham). Membrane-bound antibodies were then stripped for 30 min at 551C in 10% b-mercaptoethanol, 2% SDS in TBS, blocked again with 5% BSA and reprobed with a goat anti-total actin antibody to control for equal loading (Santa Cruz, Cat.# sc-1615; 1:500 dilution). This was followed by incubation with a horseradish peroxidase-conjugated horse anti-goat IgG antibody and bands were visualized with the ECL kit.
Immunohistochemistry
Freshly isolated aortic arteries and fibrin-embedded aortic tissue explants stimulated with FGF-2 for 6 days were fixed in a Zn-fixative for 24 h and then subjected to standard paraffin-embedding and sectioning as described by Beckstead. 9 Briefly, routine 5-mm sections were cut, deparaffinized and blocked in NEL blocking buffer according to instructions supplied by the manufacturer (Perkin Elmer, tyramide signal amplification, Cat.# NEL700). Slides were then probed with a mouse anti-aSMA antibody (1:5000 dilutions), a rabbit anti-desmin antibody (Chemicon, Cat.# AB907; 1:20 dilution) or 10 mg/ml biotinylated Sambucus nigra lectin (Vector Laboratories, Cat.# B-1305) supplemented with 5 mM CaCl 2 and 10 mM MgCl 2 . Biotinylated rabbit anti-mouse (Vector Laboratories, Cat.# K0303; 1:200 dilutions) or goat anti-rabbit (Vector Laboratories, Cat.# BA-1000; 1:200 dilutions) antibodies were applied before slides were incubated with 20 mg/ml of avidin-peroxidase and signal detected using 400 ng/ml DAB, 6 mg/ml NiSO 4 and 0.03% H 2 O 2 in TBS.
Visualization of Three-Dimensional Sprouting and Statistical Analysis
A number of photographs of the gels with aortic tissues and growing sprouts were taken along the Zaxis with approximately 50 mm manual steps under constant magnification. The function 'best focus' provided by the Photoshop CS (Adobe Systems Inc.) plug-in IPTK (Reindeer Graphics, Ashville, TN, USA) was used to assemble one sharp image by adding the sharpest details from the individual photographs. The resulting image flattens the threedimensional outgrowth of sprouts and includes only structures that were in focus on different sample depths. The sprouting responses were quantified using a technique similar to what was reported by Ng et al. 13 The total area occupied by sprouts on photographs taken with the same magnification and resolution was used as a representation of the sprouting response. The difference in sprouting between FGF-2-stimulated and control explants was determined using a two-sampled t-test assuming equal variation. The influence of tissue size on sprouting was analyzed by plotting the area occupied by sprouts against the explant area followed by fitting the linear regression equation and calculating the coefficient of determination r 2 . For stimulation with growth factors other than FGF-2, a YES or NO scoring method was used. Experiments in the scored groups were performed in triplicates and repeated at least twice.
Results
Myofibroblasts Invade a Preformed Provisional Matrix of Fibrin/Collagen Placed on the Chicken CAM
As an in vivo model of the invasive phenotype of myofibroblasts, we used an assay where FGF-2 stimulates vascularization of a preformed fibrin matrix placed on the CAM (Figure 1a) . 8 This model is characterized by contraction of the applied gel, which is subsequently replaced by a vascular tissue, similar to the process of coetaneous wound healing (Figure 1b) . Immunohistochemical analysis of the ingrown granulation tissue showed elongated and interconnected aSMA-positive (Figure 1c ) but desmin-negative (Figure 1d ) myofibroblasts growing from the CAM surface.
Aortic Arteries are a Pure Source of Vascular Smooth Muscle Cells
In order to develop an ex vivo model for studies of invasive growth of myofibroblasts, we used aortic tissue from developing chickens. The reason for selecting this tissue was that this is a relatively pure source of VSMCs and fibroblasts, which are cells capable of differentiating into myofibroblasts. 4 The CAM itself was not used since it contains a large number of endothelial cells that have been shown to form cellular sprouts when embedded in fibrin matrices. However, aortic explants have also been used to study endothelial cell sprouting and it was therefore important to determine the endothelial content in embryonic chicken arteries. This was done indirectly by assessment of the capillary content since capillaries would be a potential source of endothelial cells. The vascular network was visualized by intravenous injection of ink (colloidal carbon), which was distributed to all blood vessels in the entire chicken (not shown). The threedimensional structure of vascular networks was visualized by clarification of tissues with BBBA. This procedure makes tissues transparent while the light absorbance of the carbon is not affected. Figure  2 illustrates the dramatic increase in visibility of the vasculature in the heart before (a, c) and after (b, d) treatment with BBBA. While a high density of capillaries was found in the heart, the embryonic chicken aortic wall was largely devoid of vessels. The only possible sources of endothelial cells were hence restricted to one cell layer of tunica intima and small vessels in the tunica adventitia. However, the latter was removed by dissection before embedding explants in fibrin (Figure 1e) . The same figure depicts the names and the reciprocal localizations of the large elastic vessels, which were used in this study.
Serum, FGF-2 and PDGF-BB, but not VEGF, Stimulate Sprouting from Aortic Explants
Culture of fibrin-embedded aortic explants in the presence of FGF-2 (Figure 3b) , PDGF-BB (Figure 3d ) or 10% bovine calf serum (not shown) induced a significant increase in formation of branching sprouts (Po0.0001 for FGF-2-stimulated cultures). In contrast, VEGF-A (Figure 3c ), EGF, TNFa or P1GF (not shown) did not stimulate sprouting. Since the explants varied in size, we studied the effect of their size on sprouting by plotting the areas occupied by sprouts and correlated these to the size of the explants (delineated in Figure 3a, b) . There was a correlation between explant size and the sprouting response in nonstimulated cultures (r 2 ¼ 0.403; Po0.05; Figure 3e ), while the FGF-2-stimulated sprouting was independent of explant size (r 2 ¼ 0.001, Po0.84; Figure 3e ). FGF-2 stimulation resulted in an 8-time larger sprout area, when compared to control samples (Po0.0001).
Sprouting Cells are aSMA-Positive but Desmin-Negative
Intact 15-day old chicken embryos were fixed in a Zn-fixative and sections stained with an anti-aSMA antibody (Figure 4a ). Aortic arteries consisted of aSMA-positive cells arranged in multiple concentric layers with aSMA-negative tissue layers in between. Similar concentric structures were found in aortic rings embedded and cultured in fibrin for 7 days (Figure 4c ). Despite the existence of aSMA-negative tissue layers, a majority of the sprouting cells were found to be aSMA-positive (Figure 4c ) as previously described.
14 The S. nigra lectin is a marker of chicken endothelial cells 15 that stained only the endothelial lining of the tunica intima and capillaries from vasa vasorum of the tunica adventitia (Figure 4b) . No endothelial cells were identified in the thick multilayered wall of tunica media or in FGF-2-stimulated sprouts invading the fibrin gel (Figure 4b, d) . Vascular smooth muscle cells were distinguished from differentiated myofibroblasts by staining for desmin, a muscle intermediate filament. Desmin is strongly expressed by cells of normal smooth, skeletal and cardiac muscles but not expressed or weakly so in mature myofibroblasts. 16 In agreement with this, in the CAM-based wound healing model, desmin-positive cells were found in the media of ingrown macrovessels while the elongated and interconnected interstitial cells were desmin-negative (Figure 1d) . Similarly, cells in the aortic fragment embedded in the fibrin remained desmin-positive, while cells invading the fibrin gel were desmin-negative (Figure 4e) . We found that fibrin-embedded fragments of the CAM, connective tissue (tunica adventitia) and heart muscle produced cellular sprouts composed of aSMA-positive and desmin-negative myofibroblasts (not shown). Desmin-positive and aSMA-negative sprouts were found emerging from skeletal muscle explants (Figure 4f ). These sprouts were less branched, thicker and had a more uniform thickness compared to myofibroblast sprouts. These desmin-positive structures might represent induced and differentiating muscle stem cells normally responsible for heart and skeletal muscle regeneration. 17 To characterize the nature of sprouting cells, we removed the explants from cultures with forceps and trypsinized the remaining gel with sprouts to isolate cells that were then briefly (one passage) cultured. Analysis of fixed cells showed that out of 219 cells (stained for total F-actin), only 8 (3.7%) were found to be aSMA-negative (Figure 5c, d) . The high level of cell-type homogeneity in sproutderived cells was confirmed by Western blot analysis (Figure 5g ). Total aSMA content in sproutderived cells was equal to that found in a mouse smooth muscle cell line. To ensure that the isolated cells did not change their sprouting phenotype during culture, spheroids were made from sproutderived cells by culture of cells in methocel as hanging drops for 2 days. Under these conditions, cells aggregated and formed spheroid bodies, which were then re-embedded in fibrin. Sprouting was observed already after 12 h of culture, but in contrast to sprouting from aortic tissue, it was growth factorindependent (Figure 5b ). Sprouts from aortic explants were morphologically indistinguishable from sprouts originating from spheroids (Figure 5a, b) . Finally, we demonstrated that vascular smooth muscle cells have the ability to form branching cellular sprouts by preparing spheroids of purified primary human aortic smooth muscle cells that were then embedded in fibrin. Outgrowth of sprouts could be observed after 7 days of incubation ( Figure  5e ) and addition of 10% serum further enhanced the response (Figure 5f ). Similar but less organized (poorly interconnected) sprouts were observed (a) and (b) ). Linear regressions were fit to each group and the correlation coefficients r 2 were calculated. Experiments with PDGF-BB and VEGF-A were repeated three times in triplicates and scored in a double-blinded manner. Magnification: Â 10. Figure 4 Sprouting cells are SMA-positive but desmin-and S. nigra lectin-negative (a) A 15-day-old chicken embryo, (b) isolated arteries and (c, d) chicken aortic explants cultured in a fibrin matrix with FGF-2 for 7 days were Zn-fixed and subjected to standard paraffin embedding and sectioning. The large vein of the heart is composed of a dense aSMA-positive tissue (to the left in (a)) while in the aorta aSMA-positive lamellas are interleaved by elastic tissue with fibrocytes (to the right in (a)). (b) Staining of chicken endothelium with the S. nigra lectin showed that the endothelial pool was limited to the intima layer. In contrast to total embryo sections (a), the arteries dissected from the embryo prior incubation or fixation (b, c) showed an irregular pattern with lumen invaginations. This was due to lumen collapse caused by release of vessel wall tension. Sprouts originating from an aortic ring were aSMA-positive (arrows in (c)). There were no endothelial cells in sprouts as detected with the S. nigra lectin (d). when a conditionally immortalized mouse vascular smooth muscle cell line (IBSMC) 18 was used (not shown).
Discussion
Classical in vitro models that are used to study differentiation of fibroblasts into myofibroblasts focus on the potential of cells to contract collagen or develop mechanical tension in tethered collagen lattices. 2 The assay described in this report allows studies of proliferation, migration and invasive growth of myofibroblasts derived from arterial fibrocytes/VSMCs in a three-dimensional fibrin matrix. Even though we found that other tissues could produce myofibroblastic sprouts when embedded in fibrin, the use of arterial tissue provided a pure source of smooth muscle cells/fibroblasts without contamination with blood-borne components and endothelial cells that are present in the capillary network of the other tissues. In addition, the uniform structure of elastic arteries ensured reproducible results. The cellular organization of sprouts growing from arterial explants resembled the histological organization of myofibroblast invading a provisional matrix in vivo where aSMApositive cells grew as polarized and interconnected units. Similar to cutaneous wound healing, invasion of myofibroblasts was followed by contraction and ingrowth of vascular granulation tissue into the matrix. 19 We used fibrin matrix since it is a physiologically relevant provisional scaffold that supports cells during tissue repair, tumor growth and neovascularization and its formation is naturally followed by remodeling processes. 20, 21 In addition, vascular diseases like arteriosclerosis and restenosis are characterized by deposition of fibrin in the vascular wall that is followed by invasion and proliferation of VSMCs. 22 Although there are reports where aSMA-positive cells are found in the proximity of sprouting endothelial cells, 23, 24 a majority of articles published to date describe the aortic sprouts as solely endothelial structures. 11, 25, 26 In contrast, it has been estimated that less than 1% of the cells in human embryonic aorta are endothelial cells. 27 Since aortic tissue is a relatively pure source of VSMCs, and has the lowest ratio of endothelium to VSMCs in the vertebrate body, 28, 29 it is surprising that sprouting aSMA-positive cells have not attracted more attention. Nonetheless, the endothelium is known for its sprouting capabilities 30 and there was a possibility that traces of endothelial cells from the capillary of tunica adventitia might contribute to formation of sprouts. The degree of vascularization of the tunica media by the vasa vasorum may also vary between species and depend on animal age. 31 To characterize vascular networks within the elastic arteries of chicken embryos, we improved a technique for staining vessels with colloidal carbon (India ink). 10 Organs with ink-perfused vasculature were made transparent by clarification with BBBA, which enabled visualization of ink-filled vessels. These experiments confirmed that the thickest layer of the arterial wall, the tunica media, was avascular and that the endothelial compartment was limited to the arterial luminal side and to small vessels and capillaries in the tunica adventitia. Therefore, to minimize the contamination of endothelial cells, blood-borne cells and growth factors, the adventitia was routinely removed before embedding explants in fibrin. Indeed, when sprouting cells were analyzed, more than 95% stained positive for aSMA. Furthermore, sprouting was induced by FGF-2 and PDGF-BB, which are known to stimulate proliferation and migration of VSMCs and myofibroblasts, 32 while the endothelial cell-specific growth factor VEGF-A had no effect. The ability of vascular smooth muscle cells to form cellular sprouts was further characterized by using primary human vascular smooth muscle cells. In contrast to cells isolated from sprouting chicken aortic tissue, primary human cells required addition of serum for maximal sprouting. This might be related to differences between embryonic chicken cells and adult primary human cells or by changes caused by invasive growth in fibrin before isolation of chicken cells. Sprouting, the interconnected branching growth of cells in three-dimensional matrices, is hence not limited to endothelial cells when using aortic tissue but also characterizes myofibroblasts.
We introduced a technique for presenting threedimensional sprouting structures on one sharp image that circumvents the problematic use of lowpowered magnification 33 in bright-field microscopy to achieve a deep focus along the Z-axis. We found that the degree of sprouting was dependent on explant size only when the aortic tissue was cultured without addition of growth factors. This might be due to the release of intrinsic growth factors such as FGF-2 after dissection of the aortic arteries as suggested by Villaschi and Nicosia. 34 However, explant size had no influence on FGF-2-stimulated cultures.
The method described in this report allows studies of myofibroblast differentiation and matrix invasiveness and can be complementary to known in vitro models design to study myofibroblastdependent force generation in three-dimensional matrices. Since myofibroblasts are essential components during wound healing and the development of a variety of diseases such as cancer, cardiovascular disorder and fibrosis, this model system might be useful in finding both enhancers and inhibitors of these processes that can be used as therapeutic agents. Sprout-derived cells (SC) express aSMA and resume gel invasion when re-embedded in fibrin. (a) Sprouting cells from aortic explants cultured with FGF-2 for 7 days were isolated as described in Materials and methods and then cultured on a plastic dish as SC. Cells were harvested and then used to form spheroid bodies (b), plated on glass slides for immunocytochemistry (c, d) or lysed and analyzed by Western blotting (g). Spheroids were embedded in fibrin and cultured under serumfree conditions for 7 days. SC resumed sprouting after 12 h and the structure of these was similar to the original aortic sprouts (compare (b) with (a) and with Figure 3) . (c) SC plated on glass slides were stained for aSMA and (d) costained for F-actin with a phalloidin-rhodamine conjugate to reveal the total cell number. Less than 4% of cells were aSMA-negative (arrows). (e) Spheroids composed of purified primary human aortic smooth muscle cells were embedded in fibrin and cultured under serum-free conditions for 7 days. (f) Addition of 10% serum further enhanced the sprouting phenotype of primary human aortic smooth muscle cells. (g) Western blot analysis of aSMA in lysates from porcine aortic endothelial cells (PAE), SC, immortalized mouse brain endothelial cells (IBEC) and immortalized mouse smooth muscle cells (IBSMC) showed that SDC and IBSMC express comparable levels of aSMA while expression of this antigen remains on basal levels in two nonrelated endothelial cell lines (PAE and IBEC).
